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Abstract
The stability of germanene under biaxial tensile strain and electronic properties are studied by
means of density functional theory based calculations. Our results show that up to 16% biaxial
tensile strain germanene lattice is stable and the Dirac cone shifts towards higher energy range
with respect to the Fermi level as a result p-doped Dirac states are achieved. The realization of the
p-doped Dirac states are due to the weakening of the Ge−Ge bonds and reduction of hybridization
with the strain. We therefore calculate the phonon spectrum to demonstrate that the germanene
is stable up to 16% under biaxial tensile strain. Our calculated Gru¨neisen parameter shows the
similar trend to silicene and different trend to graphene under small biaxial tensile strain.
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Graphene is a two-dimensional (2D) honeycomb lattice of carbon atoms, currently a
material of interest for many researcher due to the fact that its unique electronic properties,
which is being proposed to be a great potential for future nanoelectronic applications [1].
The mass production and band gap opening are real challenges as a result searching of a
new materials which can be a counterpart of graphene is highly demanded. Recent years,
the electronic properties of 2D hexagonal silicon and germanium also named as silicene
and germanene, respectively, have been proposed as a potential alternative of graphene [2].
Experimentally, it has been demonstrated Ag and ZrB2 substrates [3–5] can be used to grow
the silicene. However, the free standing silicene and germanene are not realized so far. C,
Si, and Ge belongs to the same group in the periodic table whereas, Si and Ge have a larger
ionic radius, which promotes sp3 hybridization. The mixture of sp2 and sp3 hybridization in
silicene and germanene results in a prominent buckling (0.46 A˚ and 0.68 A˚ for silicene and
germanene) as compared to graphene, which opens an electrically tunable band gap [6, 7].
As a consequences, its a huge advantage as compared to graphene.
Germanene was proposed to be a poor metal [2]. In this study, the authors ignored the
intrinsic spin orbit coupling. The magnitude of the spin orbit coupling is significantly larger
in germanene and can not be neglected as it is a materials property. It was also noted
that in-plane biaxial compressive strain turns germanene into a gapless semiconductor, by
remain intact the linear energy dispersions at the K and K′ points [8]. The magnitude of
the intrinsic spin orbit coupling in Ge (6.3 meV) is stronger than that of Si (4 meV) and
C (1.3 µeV) atoms [9]. It has been demonstrated that germanene can be a good candidate
for the quantum spin hall effect with a sizable band gap at the Dirac points due to stronger
spin orbit coupling and the higher buckling as compared to silicene [9, 10]. As a result,
germanene can be a potential candidate for constructing promising spintronic devices. The
absorption of F, Cl, Br and I has been studied [11] and found that the intrinsic spin orbit
coupling band gap in germanene is enhanced by absorption up to 162 meV, clearly higher
than that for pristine germanene.
Strain takes play a role when a crystal is compressed (stretched) from the equilibrium.
The strain can affect the device performance, it can be applied intentionally to improve mo-
bility. The biaxial tensile strain modify the crystal phonons, which usually resulting in mode
softening. The rate of these changes is determined by the Gru¨neisen parameters, which also
can determine the thermomechanical properties [12]. Graphene preserves the zero gap semi-
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conducting nature even under huge strain of about 30% [13]. However in silicene, the lattice
stable up to 17% [14] and shows self hole doped Dirac states [15]. Hence, it is an important
issue whether the stability and electronic properties are modified under the biaxial strain.
A comprehensive study of the effect of strain would be promising, which can provides detail
information on the responses of germanene under biaxial strain and explores the possible
typical properties. Hence, in this paper, based on first-principles calculations, we investigate
the modification on the electronic structures and stability via phonon spectrum under the
biaxial tensile strain for germanene. The phonon spectrum shows that germanene lattice can
be stable up to 16% biaxial tensile strain. We also calculate the Gru¨neisen parameter and
we find that the trend remain similar to silicene and behaves differently to graphene. The
obtained results conclude that the biaxial tensile strain could bring an interesting p-doping
phenomenon in germanene, which is consequences of the buckled structures and can not be
possible in graphene.
We carried out first-principles calculations using density functional theory as implemented
in the QUANTUM-ESPRESSO package [16]. A full relativistic Rappe-Rabe-Kaxiras-
Joannopoulos type [17] norm-conserving pseudopotential is employed together with the gen-
eralized gradient approximation in the Perdew, Burke, and Ernzerhof parametrization in
order to include the spin orbit coupling. A Grimme scheme with scaling parameter 0.75 is
considered in the calculations to include the van der Waals interaction [18, 19]. The calcula-
tions are performed with a plane wave cuto energy of 60 Ryd. A Monkhorst-Pack 16×16×1
k-mesh is employed for optimizing the crystal structure and calculating the electronic band
structure. Moreover, we use a 24×24×1 k-mesh to calculate the phonon spectrum. The
atomic positions are relaxed until an energy convergence of 10−9 eV and a force convergence
of 10−4 eV/A˚ are achieved. To avoid artifacts of the periodic boundary conditions we use
an interlayer spacing of 15 A˚. The magnitude of the biaxial tensile strain is expressed as
ε = (a−a0)
a0
× 100%, where a and a0 = 4.06 A˚ are the lattice parameters for strained and
unstrained germanene, respectively.
Strain is the efficient way to engineered the electronic properties of graphene [20]. This
allows to generate an all-graphene circuit, where all the elements of the circuit are made of
graphene with different amounts and kinds of strain. It is also reported that the amounts
and kinds of strain are equivalent to the magnetic field [21], which indeed, produce pseudo-
magnetic quantum Hall effect. Other way around, for graphene up to 10% strain is easily
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achievable [22]. It enhances the reactivity of graphene about 5 times as a result H atoms
are bound strongly to the strained graphene. Which is the important route for H storage
in graphene. We expect similar effect could be applicable for germanene because of its 2D
structure similar to graphene. Therefore, we study in the following the effects of strain on
the electronic structure and phonon spectrum. We obtain a lattice parameter of a0 = 4.06
A˚ and a buckling of 0.68 A˚ for unstrained germanene. These structural parameters are in
good agreement with previous reports [7, 23]. We address the dependence of the stress (in
Gpa) on the applied strain (in %). The result is shown in Fig. 1. We find that the stress
increases monotonically with the strain of 16% and remain constant up to 19% and decreases
thereafter. Which in fact indicates that germanene is stable up to 16% biaxial tensile strain,
which is very similar to silicene with a similar buckled geometry.
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FIG. 1: Variation of the stress as a function of the applied biaxial tensile strain.
In this section, we focus on the electronic band structure of germanene without/with
variable biaxial tensile strain. We addressed the electronic band structure of the free standing
germanene in Fig. 2(a). We have included spin orbit coupling in our calculations. It is noted
that germanene behaves like a semiconductor with a band gap of 24 meV at the K point, see
inset of Fig. 2(a), consistent with the previous findings [9, 10]. The pi and pi∗ bands of the
Dirac cone are contributed by the pz orbitals of Ge, like as graphene and silicene. By the
application of an external electric field, the magnitude of the band gap could be enhanced
easily because this field breaks the sublattice symmetry as a result the band gap due to spin
orbit coupling could be increases. Such a effect has been observed in case of silicene [7]. Due
to its flexibility in the band gap opening, it can have a potential candidate in nano-electronic
devices applications.
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Note that the the band gap of 24 meV in unstrained germanene becomes smaller (23
meV) for increasing strain. The reason is that the strain weakens the internal electric field
because it reduces the magnitude of the buckling, which in fact reduces the strength of the
intrinsic spin orbit coupling and thus the induced band gap is reduced. We find the Ge−Ge
bond length is growing monotonically with the strain as a result the buckling decreases.
For unstrained germanene the Ge−Ge bond length of 2.44 A˚ and buckling of 0.68 A˚ are
obtained. For 10% strain these values change to 2.65 A˚ and 0.59 A˚, and for 16% strain to
2.76 A˚ and 0.55 A˚. The data for the variation of the Ge−Ge bond length and buckling under
the biaxial strain are addressed in Table I.
ε (%) Ge−Ge ∆(A˚) θ◦ ∆ωG (cm
−1) γG s p
5 2.55 0.63 112 363.2 1.50 1.55 2.44
10 2.65 0.59 114 303.6 1.45 1.62 2.36
16 2.76 0.55 115 243.8 1.43 1.69 2.29
20 2.85 0.51 116 197.8 1.34 1.75 2.22
TABLE I: Strain, bond length, buckling, angle, and occupations.
We define that the p-doped Dirac states by the shift of the Dirac cone with respect to
the Fermi level under biaxial tensile strain. The calculated band structure addressed in
Fig. 2(a-b) shows that the Dirac cone shifts towards the higher energy range with respect
to the the Fermi level by inducing p-doped Dirac states. At a strain of 5%, we obtain a
shifts of Dirac cone by 0.24 eV towards the higher energy range with respect to the Fermi
level with a 23 meV band gap due to intrinsic spin orbit coupling, see inset of Fig. 2(b).
The intrinsic spin orbit gap is decreases by 1 meV due to the decreasing the buckling and
hence electric field become weaker, such effect already had been found for strained silicene
[14]. The conduction band at the Γ-point shifts towards the low energy range with respect
to the Fermi level by 0.6 eV. This observation is well agree with the strained silicene [15]
and germanene [24]. Note that due to shifts the Γ-point towards the higher energy range
with respect to the Fermi level by leaving p-doped Dirac sates, consistent with the recent
observation for silicene [14] and germanene [24], which is in contrast to graphene. This
can be attributed due to the fact that graphene is planar structure as compared to silicene
and germanene and thus changes the s − p hybridization significantly in later case. The
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occupation of s and p orbitals changes for unstrained and strained germanene, which in fact
reduce the hybridization of the s and p orbitals. For unstained germanene the occupation at
s and p orbitals are 1.47 e and 2.51 e, while for a strain of 5% the occupation of s/p orbitals
increases/decreases (1.54/2.43 e), see Table I. The amount of the p-doped Dirac states are
enhanced for increasing strain. The conduction band minimum at the Γ-point shifts further
downwards and becomes more and more flat and occupied by increasing density of states
at the Fermi level. At the strain of 10%, the Ge−Ge bond length is increases, buckling is
decreases, and hence angle is increases. This is a consequence of the weakening of Ge−Ge
bonds strength.
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FIG. 2: Electronic band structure and partial densities of states for (a) unstrained germanene and
germanene under biaxial tensile strain of (b) 5% and (c) 16%.
The Dirac point lies at 0.3 eV towards higher energy range with respect to the Fermi
level for strain of 16%, see Fig. 2(c). The pi and pi∗ bands of the Dirac cone are due to
the pz orbitals of the Ge atoms with a minute contribution from the px and py orbitals,
as it is expected. We obtain a gap of 22 meV, which in fact reduces as compared to
unstrained germanene. The main reason for reducing the gap is the reduction of the buckling
significantly (0.55 A˚) with increasing bond length of 2.76 A˚, and bond angle of 115◦. The
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reduction of the buckling weakening the in built electric field as a result band gap is reduced,
consistent with the strained silicene [14]. For higher strain the conduction band minimum
shifts further towards lower energy range and the Dirac cone accordingly to higher energy
range with respect to Fermi level. This is due to the change in the occupation in the s and
p orbitals, see Table I. Since, the number of the electrons in the system remain constant as
a result the bands at the K/K′-points are depopulated and at the Γ-points are populated.
Such a behavior is well agree with silicene but different from graphene, because the Ge−Ge
bonds are much more flexible than the C−C bonds in graphene. Contrary to silicene and
germanene, the electronic structure of graphene does not changes in the presence of strain,
resulting a zero band gap semiconductor up to a very large strain (30%) [13]. This indicates
that there is not any possibilities to achieve p-doping in graphene by strain. However, it
has been demonstrated that a p-doping can be achieved in graphene by the intercalation
of F and Ge with the SiC substrate [25, 26]. The lattice becomes instable beyond strain
of 16% (for 20% strain the parameters are presented in Table I), we will prove this fact by
performing phonon calculation in the next section.
In this section, we discuss the phonon spectrum of germanene unstrained and under strain
of 5%, 10%, 16%, and 20%, see Fig. 3. For unstrained germanene the obtained optical
phonon frequencies are 3.7 times smaller than graphene (1580 cm−1 [27]) and 1.28 times
smaller than silicene (550 cm−1 [14]). This can be realized by the smaller force constant and
weaker Ge−Ge bonds as compared to C−C and Si−Si bonds. Graphene shows a common
features in the Raman spectra called G and D peaks, around 1580 cm−1 and 1360 cm−1
[27]. The G peak corresponds to the E2g phonon at the Γ-point of the Brillouin zone. The
D peak correspond to the K-point Brillouin zone. On the based on our knowledge the the
Raman spectra of germanene is unknown. So, we do believe that our study would be a
reference for the experimental observation of the Raman spectra to get insight of Raman
frequencies and identification of G and D peaks. We therefore focus on the G peak and D
peak identification in our study. For unstrained germanene the calculated phonon frequencies
of G and D peaks are 427 cm−1 and 366 cm−1, respectively, lower than that of silicene. For
strained silicene a significant modification of the phonon frequencies is observed. At 5%
strain the G and D peak frequencies found to be 363 cm−1 and 287 cm−1, respectively.
Which reflects that the weakening of the Ge−Ge bond under biaxial tensile strain. It also
can be understood by the fact that the optical bands shows a clear trend of softening, which
7
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FIG. 3: Phonon frequencies for (a) unstrained germanene and germanene under biaxial tensile
strain of (b) 16% and (c) 20%.
is expected because Ge−Ge bond length increase uniformly. For the strain of 10% (16%)
obtained phonon frequencies of G and D peak are 303 cm−1 (246 cm−1) and 212 cm−1 (150
cm−1), respectively. We conclude that the germanene lattice is stable up to strain of 16%
because we still have positive frequencies along the Γ-M-K-Γ path of the Brillouin zone.
The germanene lattice becomes instable for the strain beyond 16%. For this purpose we
calculate phonon spectrum for the strain of 20% and find a frequency of −62 cm−1, see Fig.
3(c). Which indicates that the lattice is instable.
The effect of strain in 2D systems can be efficiently studied by Raman spectroscopy
[27]. Since the strain modifies the crystal phonon frequencies. The rate of phonon mode
softening or hardening described by the Gru¨neisen parameter, which in fact determines the
thermomechanical properties fo the system. The Gru¨neisen parameter for G peak under
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biaxial strain is given by
γG = −∆ωG/2ω
0
Gε, (1)
where ∆ωG is the difference in the frequency for unstrained and strained germanene and
ω0G is the frequency of the G peak in unstrained germanene. The Gru¨neisen parameter is
difficult to study under uniaxial strain due to the fact that it require the Poisson ratio, which
in fact depends on the choice of the substrate [12]. It is also reported that it is difficult to
calculate the D and 2D Gru¨neisen parameters because under uniaxial strain the position of
the Dirac cones changes. The biaxial tensile strain is suitable to calculation the Gru¨neisen
parameter because it does not depend on the Poisson ratio as well as the position of the
Dirac cone does not changes [12]. Experimentally, the Gru¨neisen parameter of graphene
under biaxial strain has been demonstrated [28]. Recently, in the Ref.[14], the Gru¨neisen
parameter for silicene under biaxial tensile strain has been studied theoretically. Hence,
we calculate the Gru¨neisen parameter for germanene and compare with the graphene and
silicene. We find that the calculated Gru¨neisen parameter is decreasing with increasing the
biaxial tensile strain. This variation is well agree with calculated Gru¨neisen parameter for
silicene with a strain of 5% to 25% [14]. For a biaxial tensile strain of 5%, 10%, and 20%,
the obtained Gru¨neisen parameter are 1.50, 1.43, and 1.34, respectively, for silicene those
values are 1.64, 1.62, and 1.34, respectively. The slight lowering of the Gru¨neisen parameter
in germanene as compared to silicene can be attributed by the lowering of the respective
phonon spectrum. However, for graphene this magnitude of the Gru¨neisen paramete can
be obtained by a very low strain of 0.2% [28]. The another reason for the lowering of the
Gru¨neisen parameter with increasing strain is the buckling decreases monotonically with
increasing the strain and Ge−Ge bond length. Such a behavior is essentially similar to
silicene (buckled structure) and different from graphene (non-buckled structure). We call
for an experimental observations for the confirmation our findings.
In summary, we have performed first-principles calculations using density functional the-
ory to study the effect of biaxial tensile train in germanene lattice, electronic properties,
and phonon frequencies, and Gru¨neisen paramete. Our results show that up to 16% biaxial
tensile strain germanene lattice is in stable and the Dirac cone shift towards the higher
energy range with respect to Fermi level as a result p-doped Dirac states are achieved. The
realization of the p-doped Dirac states is due to the weakening of the Ge−Ge bonds, well
agree with strained silicene [14]. We further calculate the phonon spectrum to demonstrate
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that germanene is stable up to 16% under biaxial tensile strain. The calculated Gru¨neisen
parameter found to be similar to silicene and different from graphene as latter is non-buckled
structure. The positive phonon frequencies up to a tensile strain of 16% indicates that the
germanene lattice is stabile in this regime, while the lattice becomes highly instable for the
strain beyond 16%, due to negative frequencies come in to the picture.
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